Abstract. The advantage of nonlinear ultrasonic method in micro defect detection has been widely recognized. It has higher sensitivity than linear ultrasonic. Vibro-ultrasonic modulation(VUM) method was adopted in the paper, and fiber Bragg grating(FBG) was used to sense nonlinear signal instead of piezoelectric patches innovatively because it is very easy for FBG to realize distributed measurement. Empirical mode decomposition(EMD) algorithm was improved and applied in the analysis of nonlinear signal. The results shows sidebands signal can be extracted successfully by the improved EMD algorithm.
Introduction
The evaluation of fatigue damage in kinds of mechanical structures is required for safety. One of the most powerful nondestructive testing(NDT) method is ultrasonic method. Linear ultrasonic NDT has been widely used in the detection of gross defects, whereas it can not work for micro-defect. Hikata [1] first discovered the nonlinear phenomenon when ultrasonic was propagated in a damaged Aluminum structure. Then, many further researchers have proved the existence of defect will lead to nonlinear phenomenon and some acoustic signal whose frequency differs from that of input signal will be produced [2] [3] [4] [5] [6] . An important method called vibro-ultrasonic modulation(VUM) excitation method [5] is using vibration to motivate the nonlinear phenomenon.
In order to find out the location of the damage, distributed measurement is inevitable. The common method is to use many piezoelectric patches which are located in different positions. Fiber Bragg grating(FBG), as a new device of optical fiber, is being developed quickly in sensing field. FBG has the electromagnetic interference immunity and it is easier and cheaper than piezoelectric patches to realize distributed measurement. Therefore we used FBG to sense nonlinear response signal instead of piezoelectric patches.
EMD is an important method for the nonlinear signal analysis. It can decompose signal into several IMFs. However, there will be some specific problems in application of EMD in nonlinear ultrasonic signal analysis, some improvement should be made. So in the paper, a system combined VUM excitation and FBG sensing was built, amd EMD algorithm is introduced and improved to analyze the real nonlinear signal.
VUM excitation and FBG sensing system
Principle of VUM In VUM, two inputs are needed, one is vibration with low frequency and the other is ultrasonic with high frequency. When two excitations act on the structure, they can be represented as (2) where α and β is linearity constant and one-order nonlinearity coefficient respectively.
We can find some components whose frequencies are different from the excitation frequencis will be generated. And the components at 1 2 ω ω ± are called sideband signals. Sideband signals are very important. Firstly, they can be used to judge whether the structure is intact or damaged. Secondly, they can be used to judge the rough size of the defect [5] .
Principle of FBG sensing
FBGs are obtained by creating periodic variations in the refractive index of the core of an optical fibre. When broadband light source is input into a FBG, only one wavelength (called Bragg wavelengthλ Β ) is reflected and others transmitted [7] .
where Λ is the gratings period , and n eff is its effective refractive index. If FBG is under strain caused by vibration and ultrasonic, λ Β will be changed.
where λ Β0 is initial wavelength, ∆λ Β is wavelength variation, P e is elasto-optical coefficient of optical fiber, and ε is the stress caused by vibration and ultrasonic.
VUM excitation-FBG sensing system Vibration and ultrasonic were produced by piezoelectric patches. In order to motivate the nonlinearity of defect better, the amplitude of vibration should be large and the best choice of vibration frequency is one of the natural frequency of the structure.
In the FBG sensing system, the optical signal with wavelength information should be transformed into electric signal. In this paper, we use tunable laser light source, optical splitter and optical detector to transform optical signal into electric signal. Fig.1 . shows the system block diagram. Step 1.Fix the threshold ε, set i=1;.let r 0 (t) =x(t), 
Step 2. Extract the ith IMF(intrinsic mode function) c i (t): (a) Let h 0 (t)=r i (t),k =1, (b) Extract local maxima and minima of h k-1 (t), (c) Compute upper and lower envelopes u k-1 (t)and v k-1 (t) using cubic spline interpolating local maxima and minima of h k-1 (t) respectively, (d) Compute the mean of the envelopes: m k-1 (t) =(u k-1 (t)+v k-1 (t))/2, (e) Compute h k (t)=h k-1 (t)
−m k-1 (t), i=i+1,(f)
(t)= h k (t), Step 3. Update residual: r i (t)=r i−1 (t) −c i (t),
Step 4. Repeat Step 2 with i= i+1 until the number of extrema in r i (t)is less than 2; After EMD, x(t) can be represented by: The IMFs of x 1 (t) is shown in Fig.2 . We can find that IMF 1 is the FM signal of x 1 (t), IMF 2 is the AM signal of x 1 (t), and IMF 3 is the cos(4πt). So EMD can decompose the FM and AM signal efficiently.
Fig.2. EMD of simulated signal x 1 (t)
Consider another simulated signal: Fig.3. and Fig.4 . shows the EMD and frequency spectrum of IMF 1 of simulated signal x 2 (t). IMF1 is closed to the original signal, in other words, EMD can not decompose the two compositions with different frequencies. Through a lot of experiments and analysis, it is concluded that if the quotient of two frequencies f 1 /f 2 >0.5(f 1 <f 2 ) ,EMD can not work because of mode confusion. 
Application of improved EMD in nonlinear ultrasonic response
The nonlinear ultrasonic response was obtained by the VUM excitation-FBG sensing system introduced in Section 2. The frequency of vibration f 1 and ultrasonic f 2 were 4kHz and 62kHz respectively. We can see that EMD can not decompose the sideband signal from Fig.7 and Fig.8 . The improved EMD algorithm was adopted shown in Fig.9-11 . IMF 1 in the first and second EMD were both noise. We can see from Fig.11 . that sideband composition at 58kHz (f 2 -f 1 ) and 62kHz (f 2 ) had been decomposed successfully, but composition at 65.9kHz (f 2 +f 1 ) and 62kHz still had the mode confusion phenomenon, because after translating the frequency 57kHz ( f 0 ) to the left, (f 2 )/(f 2 +f 1 )=(62-57)/(65.9-57)>0.5. So choose another frequency f 0 ' and repeat the improved EMD again can solve the problem.
Conclusions
This work focused on the application of nonlinear ultrasonic and distributed FBG sensing technique, which has been proven to be a powerful method for NDT. The structure of VUM excitation-distributed FBG sensing system was researched and built. In view of the present situation that original EMD algorithm can not decompose the sidebands signal from response; this paper presented an improved EMD algorithm using a frequency translation. And its feasibility was verified by decomposing simulated signal and real nonlinear ultrasonic signal.
